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© i riB present invention relates, in general, to a methodology suitable for generating infectious negative- 
stranded viruses, suitable for use as vaccines, fronn cloned connplementary deoxyribonucleic acid (cDNA) The 
invenuon relates specifically to cDNA molecules and to helper cells suitable as tools in this methodology and to 
the charactenzation of the resulting viruses. Measles virus (MV) is used as a modeKor negatlve-strand RNA 
viruses. Tne descnbed. invention provides the technology for construction of recomibnant MV vaccine strains 
encoding epitopes or entire proteins, from heterologous viruses, bacteria, or parasites. With slight modification of 
the technology descnbed. any negative-stranded RNA virus can by used-as vector in place of MV 
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CDNA CORRESPONDING TO THE GENOME OF NEGATIVE-STRAND RNA VIRUSES, AND PROCESS FOR 
THE PRODUCTION OF INFECTIOUS NEGATIVE-STRAND RNA VIRUSES 



The present invention relates, in general, to a methodology suitable for generating infectious negalive- 
strand RNA viruses, suitable for use as vaccines, from cloned complementary deoxyribonucleic acid 
(cDNA). The invention also relates to cDNA molecules suitable as tools in this methodology. Measles virus 
(MV) is used as a model for negative-strand RNA viruses. The described invention provides the technology 
5 for construction of recombinant MV vaccine strains encoding epitopes or entire proteins from heterologous 
viruses, bacteria or parasites. The method described hereafter can be also applied in principle to any other 
negative-strand RNA vims instead of MV. 

MV is a member of the paramyxovirus family. Its genetic information is encoded on a single strand of 
RNA ("5x1 0^ daltons) with negative polarity. The genome is sequentially transcribed from the 3' terminus to 
w yield 6 major separate ribonucleic acid (RNA) species, each of which encodes one major protein. The 
genome map is shown in Figure 2 (top), indicating the genes encoding these main products: N 
(nucleocapsid). P (phosphoprotein), M (matrix). F (fusion). H (hemagglutinin) and L ("large" = polymerase). 
Several additional RNA and protein species complicate this simple picture, but they are not particularly 
relevant here. 

15 MV is a major cause of acute febrile illness in infants and young children. At present, several live 
attenuated MV vaccine strains are used (including Edmonston A and B and their derivatives, the Schwarz 
and Edmonston-Zagreb strains). Measles vaccine is usually administrated at 15 months of age in developed 
countries and at 4 to 6 months in developing areas; it has been shown to be highly effective in preventing 
disease. However, the genetic alterations responsible for attenuation of these vaccine strains remain 

20 unknown. The proven safety of measles vaccine, combined with the fact that it is routinely administrated to 
young children, makes it an ideal "carrier" for heterologous genes. Such a vaccine may prove useful in 
eliciting immune protection against other pathogenic agents in addition to the protection against the 
"carrier" virus itself. 

Tlie study of the replication cycle of a number of RNA viruses has been greatly facilitated by the 

25 availability of DNA clones from which infectious vims can be derived. Initially the 0^3 bacteriophage, then 
poliovims and other picornaviruses, and more recently Sindbis, another plus-strand animal RNA vims,' were 
expressed from cloned cDNA (Taniguchi et al. 1978; Racanieilo and Baltimore. 1981; Rice et a!.. 1987). 
Infectious clones of several plus strand plant RNA vimses (Ahlquist et al. 1984; Dawson et ak. 1986; Meshi 
et al-, 1986). an insect plus strand RNA vims (Dasmahapatra et ak, 1986), and several viroids and plant 

30 satellite RNAs were also described (Cress et ak. 1983; Tabler and Sanger. 1985; for references see Simon 
et ak, 1988). and proviral DNA of retroviruses is infectious. Several engineered plus strand RNA vimses 
have been described for potential use as vectors for immunization purposes, eg. poliovims, (Evans et 
al..1989) and Sindbis (Xiong et al.. 1989). However, attempts to obtain infectious vims from cDNA clones of 
negative-strand RNA vimses have failed so far. This is due to two, Droperties .of Ihese. viruses: .(i). neither 

75 genomic nor antigenomic RNAs are infectious, because they do not serve as mRNAs; and '(ii) both 
transcription and. replication require ribonucleocapsids. i.e., helical nucleoprotein complexes, containing the 
genomic RNA and several proteins with structural or enzymatic function. In the case' of MV 
nbonucleoeapsid consists of a " 16 kb long genomic RNA and at least three proteins, the stmctura! 
nucleocapsid (N) protein, a polymerase (L for large), and a polymerase cofactor .(P for phosphoprotein). 

0 In the past, a variety of DNA viruses- and positive-strand RNA vimses have been used as carriers to 
direct the expression of heterologous genes or gene segments in host cells, with the aim to' elicit immune 
protection against the pathogen from which the heterologous genetic material was derived. In addition to the 
RNA vimses cited above, the DNA viruses vaccinia vims (Niacin et ak. 1982; Weir et ak), cytomegalovims 
(Spaete and Mocarski. 1987) and herpes vims (Spaete and Frenkel) should be mentioned here as 

5 examples. However, the use of such- vimses as carriers suffers from several drawbacks including: (i) 
potential for inducing severe adverse reactions, as in the case of vaccinia- virus; (ii) difficulty in genetic 
manipulation, specifically limitations on the size of the foreign genetic material which can be introduced Into 
the viral genome without prohibiting packaging in the virion, as in the case of polio vims. 

Recently Luytjes et al. (1989) have described a procedure by which a single" gene of influenza virus (a 

7 segmented negativ-strand RNA vims) can be manipulated recombinant DNA techniques and then amplified 
in a vims-dependent fashion. In this case, a recombinant RNA containing a foreign coding sequence 
(chloramphenicol acetyltransferase flanked by the terminal sequences of the viral NS gene) is derived in 
vitro from plasm.d DNA: This RNA Is then covered with purified influenza A vims protein and introduced into 
cells supennfected with helper vims, leading to formation of viral particles which contain not only the 8 
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in a first step the short plasmids pePMF2 and peFHL. respectively, cleaved at their unique Spel restriction 
sites, were used to introduce the chip constituting the framework for the additional transcription unit. The 
chip was assembled (by annealing) from four synthetic oligonucleotides (positive strand elements, 36 and 
46 nucleotides and negative strand elements, 40 and 42 nucleotides; junction sites indicated by arrowheads 
in Figure 9, bottom). The protruding single-stranded regions on both sides of the chip fit into the 5' 
overhangs of the Spel recognition site; ligation of the chip into the plasmids in the desired orientation leads 
to the recreation of a Spel cleavage recognition site at the righthand border of the chip, in contrast to the 
lefthand border, where only a sequence containing 5 of the 6 nucleotides required for Spel recognition is 
formed. This allowed easy selection of the plasmids containing the chip in the desired orientation; the 
expected sequence in and around the chip was confirmed by sequence determination, (n a second step, 
two plasmids containing the complete MV cDNA with chips inserted in the 3' terminal region of either gene 
P (peMV(-)chipP) or gene H {peMV(-)chipH) were generated by three-frag ment-ligations. A long acceptor 
fragment obtained by cleavage with Sacll and Spel from plasmid peMV(-) (involving a short 3' terminal 
portion of gene H, the entire L gene, the modified bluescript vector sequence linking the two extremities of 
the genomic MV cDNA insert, the entire N and a 5' terminal portion of the P gene) was used for both 
constructs. Two fragments spanning the region between Sacll and Narl sites, recovered from pePMF2 or its 
derivative pePMF2chip, and Narl - Spel fragments from peFHL or its derivative peFHLchip, in the 
appropriate combinations, were ligated to the acceptor fragment. 

The final constructs were shown with our helper cell system to give rise to replicating MV yielding 
normal titers of infectious virions. As for the other reconstructed viruses described above, it was Important 
to ascertain whether the rescued virus genomes agreed with the expected sequences. For this purpose, we 
tested by PGR amplification whether an RNA segment according to the chip inserted into the plasmids was 
still present in the RNA genomes and their complementary RNA involved in genome replication. Therefore, 
RNA was Isolated from cells infected with the recovered viruses and reverse transcriptase reactions were 
primed with oligonucleotides of positive and negative polarity, mapping 50 - 100 nucleotides upstream and 
downstream, respectively of the regions of interest. The reverse transcriptions were followed by 25 cycles 
of PGR amplification, using the same oligonucleotides as for reverse transcription. The PGR reaction 
products around the P/M boundary were expected to be 167 nucleotides long in case of the unmodified 
region and 249 nucleotides in case of the inserted chip; for the H/L boundary the respective values were 
131 and 213 nucleotides. As comparison for the PGR product length, DNA of the tv/o constructed plasmids 
giving rise to the viruses was used as template. Figure 10 shows the analysis of the PGR products by 
agarose gel electrophoresis, confirming that the PGR products derived from MV genomic RNA templates 
are of identical size as the products derived from the plasmid templates. 

Thus, the reconstructed viruses can support the insertion of a segment of 82 nucleotides in the 
indicated two positions of the genome, apparently without compromizing viral viability. 

The present invention demonstrates that cloned DNA corresponding to the genome of a negative strand 
.,RNA.viri!G.-G£n-givc ^jsertc c^^repifca^^^ recovered from cells microinjected 

with plasmids which generate either the MV genome or the antigenome. However, only few plaques were 
recovered from the supernatant of helper cells. Trivial reasons for the initial low production of infectious 
virus may be the damage of many of the 100-200 plasmid/polymerase complexes injected per cell either by 
the . microinjection procedure or the action of cellular nucleases or proteases. In addition, MV genomes 
containing 2-5 'additional nucleotides at each end likely require trimming in vivo to the precise genomic 
length before starting productive replication, as seems to the case for all the infectious RNAs examined until 
now (Gilvarg et al., 1975; Taniguchi et al.. 1978; Ahlquist et al., 1984; Dawson et al.. 1986; Meshi et al.. 
1986; Dasmahapatra et al.. 1986; Rice et al., 1987). Most importantly, the presence of. nonfunctional 
envelope proteins in helper cells could. prevent efficient formation of infectious viral particles, since the 
envelope of virus particles budding from . microinjected - IP-3-Ca cells probably contains a mixture of 
functional M, F and H proteins, produced de novo from copies of the microinjected MV genome, and 
nonfunctional proteins; present- in relatively high abundance both within as on the surface of helper cells. 
Furthermore, many of the budding virus particles probably enclose defective IP-3-Ca genomes. Only virions 
containing both a sufficient amount of functional envelope proteins and an Edmonston-Re genome, will be 
able to interact with the receptors on Vero cells, to fuse their envelope with the cellular membrane, and then 
to start lytic infection. 

As expected, after two passages in Vero cells, reconstituted viruses generated titers by orders of 
magnitude higher than after microinjection, but not significantly lower than those reached by the Edmonston 
strain. Analysis of the 5' ends of the genom and antigenome of these reconstituted virus by primer 
extension revealed that th se ends were identical to those of the Edmonston strain virus, confirming that the 
additional nucleotides flanking the genomic sequence in tiie primary transcript from the cloned cDNA are 
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removed precisely in vivo by a mechanism not known so far. as it has shown to be the case for all positive- 
strand RNA viruses expressed from cloned cDNA. 

The establishment of a replication system based on cloned cDNA is particularly important for MV 
because it will now be possible to use recombinant DNA technology in the study of a virus for which only 
rudimentary genetics and in wYro transcription/replication systems are available (Rager-Zisman et a!.. 1984; 
Ray and Fujinami. 1987). The development of similar systems will be of great advantage in the study of 
other nonsegmented. negative strand RNA viruses of medical relevance, such as mumps virus, respiratory 
syncytial virus, human parainfluenza viruses or rabies virus. For some of these viruses, cell lines infected 
with conditionally lethal mutants could provide helper function. For other viruses, helper cell lines in which 
functional genes or synthetic mRNAs have been introduced could be used. 

Infectious full length or defective RNAs produced from cDNA clones as described here will also open 
new experimental possibilities for the study of . model negative-strand RNA viruses such as vesicular 
stomatitis virus or Sendai virus, when used in combination with existing complementation systems 
(Chattopadhyay and Banerjee. 1987; Meier et aL. 1987; Whitt et aL. 1989; Gotoh et ai., 1989). Even 
segmented negative-strand RNA viruses like influenza can be rescued by the method of the present 
invention, using all eight genome segment sequences in the form of cloned cDNAs as described herein for 
MV. 



MATERIALS AND METHODS 



Cells and viruses 



The Edmonston vaccine MV strain was propagated in HeLa (S3) suspension cell cultures and titered on 
Vero cell monolayers, basically as described (Udem, 1984). The SSPE-derived IP-3-Ca cell line (Bumstein 
^' 1974), was propagated in monolayers essentially as detailed previously (Sheppard et aL. 1986). 



et al 

Transcription and microinjection 



BssHII-Iinearized piasmids peMV{-) or peMV( + ) were incubated for 5 minutes at 40'C with T3 
polymerase (Genofit. Geneva, Switzerland) or at 37*0 with T7 RNA polymerase (Pharmacia. Uppsala. 
Sweden) in a buffer containing 40 mM Tris-HC! pH 7.5, 8 mM MgClz, O.ImM GTP and 0.1 mM CTP, but 
without ATP and UTP. to stop RNA synthesis after 4 and 2 nucleotides, respectively. 1,4-dithio-DL-threitoI, 
spermidine and RNAsin were excluded to avoid potential ceil toxicity. The plasmid/phage polymerase 
complex was then diluted 1 to 5 in 0.15 M KCI and microinjected into the cytoplasm of 100-150 cells in a 
lawn of IP-3-Ca cells grown on coverslips. using MIcroinjector 5242 (Eppendorf. Hamburg. FRG). The 
needles were prepared with a Mecanex needle puller (Grade S.A.. Nyon. Switzerland), 'using glass 
capillaries of 1.2 mm diameter (Clark Electromedical Instruments, Pangboume. UK). Injection times and 
pr.essures Avsr-e -adjusted to ^ieliver "K}:5 -pi -sotoion. xontaming 'ITO-^DO molecules of plasmid/phage 
pojymerase complex. -After injection, IP-3-Ca cells were cultivated for up to" 14 days,- supematants were 
collected at different time points and stored at -70* 0 until they were analysed for infectivity In a plaque 
assay on Vero cell monolayers. 

RNA extraction, reverse transcription, polymerase chain reaction (PGR) and sequencing 

RNA was extracted from infected Mela .S3. Vero or IP-3-Ca cells using a modified lithium chloride-urea 
protocol (Auff ray and Rougeoh. 1980; Cattaneo et aL, 1984). Total RNA (2.5 ^g). was used for reverse 
transcription, by priming with synthetic oligonucleotides specific for the 3* end of-the.N and P mRNAs as 
descnbed (Schmid et aL. 1987). One fifth of the cDNA recovered was amplified directly by PGR witfi Taq 
polymerase (Saiki et aL, 1988) using the following primers: for the N gene 
5'-(862)GAAATGATATGTeACATTGATAC(884, + strand), and 
5'-(1741)7TATAACAATGATGGAGGGTAGGGG (1717. - strand). For th P gene: 
5'K1747)(CG)TTAGGAACCA(5GTCCACAGAG (1767. + strand), and 

5'-(3399)TTATAATGGATTTAGGTTGTACTAGTTG (3372. - strand). Nucleotides in parenthesis are not 
colinear with the MV genome: positions are indicated as in Gattaneo et al. (1989b). EMBL/Genbank 
accession number X- 16565-9. Cycles of r94-C. 2'50"C and 10' 70'C were repeated 30 times. The 
amplified fragments were purified on a low melting agarose gel and extracted with Gene Glean (Bio 101. La 
Jolla. California). Sequencing with two of the primers described above. Sequenase and ^ss-iabelled 
nucleotides was done according to a modification of the dideoxy chain termination protocol allowing direct 
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sequencing of PCR products (Winship. 1989), except that MgCb and NaCI were added to the labeiling mix 

only after DNA denaturation. ucin.iy kux 

. Additional methods related to recombinant DNA technology 
Maniatis et al. {1982, 1989) ' 

5 
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1. A cDNA molecule for the production of negative-strand RNA virus comprising 

(a) the entire genomic or anti-genomic sequence of a non-segmented negative-strand RNA virus, 
operatively linked to 

(b) an expression control sequence. 

2. The cDNA molecule according to claim 1, wherein the expression control sequence (b) is an RNA 
polymerase promoter. 

3. A vector containing a cDNA molecule according to claim 1 or 2. 

4. The vector according to claim 3. containing an expressible DNA fragment which replaces a DNA region 
of said cDNA molecule or provides additional genetic information. 

5. The vector according to claim 4, characterized in that the expressible DNA fragment is inserted into a 
region of said cDNA encoding a viral protein, said insertion being effected in a manner maintaining the 
reading frame and permitting the expression of said DNA fragment under the control of the signal 
sequences of said viral protein. 

6. The vector according to claim 4. characterized in that the expressible DNA fragment is inserted into a 
non-coding region of said cDNA and flanked by viral signal sequences or heterologous signal 
sequences controlling the expression of said DNA fragment. 

7. The vector according to any one of claims 3 to 6, which Is capable of replicating in a prokaryotic host. 

8. The vector according to any one of claims 3 to 6 which is capable of replicating in a eukaryotic host. 

9. The vector according to any one of claims 3 to 8, wherein said expressible DNA fragment is a DNA 
fragment being homologous or heterologous with respect to the negative-strand RNA virus and 
encoding at least one immunogenic epitope. 

10. The vector according to claim 9, wherein said expressible DNA fragment encodes at least one 
immunogenic epitope of a pathogen. 

11. The vector according to claim 10. wherein said expressible DNA fragment is derived from a virus, a 
bacterium, or a parasite. 

12. The vector according to any one of claims 3 to 11, wherein said expressible DNA fragment encodes an 
irhmunogenic epitope being able to elicit a protective immune response. 

13. A prokaryotic or eukaryotic-host cell transformed with a vector according to any one of claims 3 to 12. 

14. A helper cell containing a vector according to any one of claims 3 to 12, said helper cell providing the 
vira! proteins necessary for encapsidation, transcription and replication of RNA resulting from transcrip- 
tion of- the DNA contained in the vector, and allowing the asseriibly of infectious negative-strand RNA 
viruses. 

15. An infectious negative-strand RNA virus strain Isolated from the helper cell of claim 14. 

16. A. method for the preparation of recombinant vaccine strains of negative-strand RNA vin/ses, compris- 
tng the steps of: 

(a) Introducing a recombinant vector according to any one of claims 3 to 12 as a complex with an 
RNA polymerase Into competent helper cells producing the viral proteins required for the assembly 
of infectious. virus of the negative-strand RNA virus; and 

(b) recovering the assembled infectious negative-strand RNA vlmses. 

17. The method according to claim 16. wherein said recombinant vector is obtainable by a method 
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comprising the following steps: 

minnTnr molecule by assembly of cDNA clones derived from 

mono- and/or polycistronic viral mRNA; ^nvcu uom 

(B) Inserting said cDNA of step (a) into a vector under the control of an expression control sequence 

^^l^:^'--' - - - - --'P«on Of /rcoTA 

(C) incorporating into a viral protein-encoding region of said cDNA a DNA fragment in reading frame 
so as to be expressible under the control of the signal sequences of said vir^Sn or 
mcorporatrng sa.d DNA fragment into a non-coding region of said cDNA so as to Te expts ibte 
under the control of a flanking viral or heterologous signal sequence, wherein said exp'eSe DNA 
ragment rep aces a DNA region of said cDNA molecule or provides additional gene^ inforr^ln 

(D) cloning the obtained recombinant vector in a microorganism: and niormaiion. 

(E) isolating said recombinant vector. 

'°' b^ir rS'"' f'*"' '^s *aln according t. cl=™ 15 or obM™bte 
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Scheme for cDNA cloning of negative-strand RNA viral genomes and 
expression of the cDNA as replicating virus 



RNA from cells infected with a negative-strand RNA virus 

I 

Specific cDNA cloning by use of chemically synthesized oligonucleotides 

I 

Assembly of overlapping clones to full length viral genomic or antigenomic 
sequences in a plasmid vector closely linked to expression control 
sequences (eg. T7 or T3 promoters) 

I 

Linearization of the DNA by cleavage immediately dovmstream the viral sequence 

I 

Fonnadon of committed complexes by incubation with RNA polymerase and two 
or three nucleoside triphosphates 

I 

Introduction into helper cells (eg. IP-3-Ca in case of MV) providing the viral 
proteins necessary for encapsidation of the nacent RNA as well as 
transcripuon and replication of the completed viral genomes 

I 

Isolation of excreted virus and multiplication in cells (eg. human diploid lines) 



Figure 1 
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